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Statement Regarding Federally Sponsored Research & Development 

The U.S. Government has certain rights in this invention pursuant to NASA contract 

No. NAS 3 00073. 

Background of the Invention 

The present disclosure relates to magnetic materials, and in particular to soft magnetic 
materials useful as core materials of inductive components. 

The inductive components used in electronics and electronic devices require use of 
magnetic materials. Ideal magnetic materials for inductive components possess high 
saturation magnetization, high initial permeability, high resistivity, low magnetic power loss, 
low eddy current loss, low dielectric power loss, high Curie temperature, stable magnetic and 
electrical properties over a range of temperatures, good mechanical strength. 

To date, high frequency magnetic components use ferrites as core materials, which 
have been in use for more than five decades. However, ferrites possess several major 
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disadvantages, including low permeability when compared to metallic materials, poor 
performance at frequencies of greater than 100 MHz, low Curie temperature, and complex 
manufacturing procedures. Currently, there is no method available for producing soft 
magnetic materials with properties superior to ferrites in the high frequency range (greater 
5 than 100 MHz), that are also capable of being manufactured in bulk quantity. 

Current methods for processing conventional micrometer-sized soft magnetic 
materials are designed to reduce the total core loss by reducing eddy current loss. Three 
types of soft magnetic materials are presently used: metallic ribbons, powdered metals, and 
powdered ferrites. Metallic ribbon materials comprise Fe-Ni, Fe-Co, and Fe-Si alloys, 

10 manufactured in the form of stripes or ribbons using a metallic metallurgy approach. These 
metallic alloys are used in the frequency range of 10 to 100 kHz. 

Powdered metal materials are composites consisting of a metallic magnetic phase (Fe, 
Co or their alloys) and a nonmagnetic insulating phase. This type of material is made by 
powder metallic metallurgy techniques. Powder materials are used in the frequency range of 

15 50 kHz to 500 kHz. 

Ferrites include materials such as spinel ferrites (e.g., (Ni, Zn)Fe 2 0 4 or 
(Ni,Zn)Fe 2 0 4 ), hexagonal ferrites (e.g., Me 2 Z, wherein Z = Ba 3 Me 2 Fe 2 40, and Me denotes a 
transition metal element), and garnet ferrites (e.g., Y 3 Fe 5 0i 2 ). Ferrites are made by ceramic 
processing, and are used in the frequency range from 100 kHz to 100 GHz. 

20 There are a number of disadvantages associated with use of the currently available 

soft magnetic materials. In conventional micrometer-sized magnetic materials, each particle 
possesses many magnetic domains (or multidomains), which cause interference or resonance. 
Domain wall resonance restricts the frequency characteristics of the initial permeability. 
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When the size of the magnetic particle is smaller than the critical size for multidomain 
formation, the particle is in a single domain state. Domain wall resonance is avoided, and the 
material can work at higher frequencies. 

None of the three types of magnetic materials meet all of the above-mentioned 

5 requirements in soft magnetic applications due to their associated large core loss. Metallic 
magnetic alloy ribbons have excellent fundamental magnetic properties such as high 
saturation magnetization, low intrinsic, high initial permeability, and high Curie temperature. 
However, their extremely low resistivity (10~ 6 Ohm-cm) makes them difficult to be use 
beyond 1 MHz. In addition, the mechanical strength of the ribbons is very poor. Powder 

10 materials have higher resistivity and, consequently, can be used at higher frequency range, 
but their permeability is low. Ferrites are the only practical choice when the working 
frequency for a device is beyond 1 MHz, but the magnetic properties of ferrites in high 
frequency range are actually poor. Although extensive efforts have been directed to 
improving the performance of these materials, very limited progress was obtained. 

15 To date, there appears to be no prior art relating to the use of a nanostructured 

materials in bulk soft magnetic applications. As used herein, nanostructured materials have 
ultrafine grains or particles of less than 100 nanometers (nm). A feature of nanostructured 
materials is the high fraction of atoms (up to 50%) that reside at grain or particle boundaries. 
Such materials have substantially different, very often superior, chemical and physical 

20 properties compared to conventional micrometer-sized grain counterparts having the same 
composition. 

A variety of methods have been developed to produce nanostructured particulate 
materials, for example production by condensation from the vapor phase. This inert gas 
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condensation methodology has been scaled-up by Nanophase Technologies to produce n- 
Ti0 2 and AI 2 0 3 in commercial quantities. Another technique for making nanostructured 
metal and ceramic powders is by mechanical milling at ambient or at liquid nitrogen 
(cryomilling) temperature. A third approach is chemical synthesis from inorganic or organic 
5 precursors, which has been used to produce nanostructured WC/C. 

Recently, nanostructured FeMO (wherein M is Hf, Zr, Si, Al or rare-earth metal 
element) thin films have been obtained by Hadjipanayis et al, and Hayakawa et al, via atomic 
deposition. These are nanostructured composite thin films deposited on substrates, and the 
thin film is composed of nanostructured magnetic particles surrounded by an amorphous 

10 insulating phase. However, the atomic deposition approach is limited to thin film 
application, and is not suitable for bulk materials. 

Fe/silica nanostructured composites have been proposed for use in magnetic 
refrigeration application. The nanostructured composites are a mixture of iron particles with 
silica ceramic, but such composites are limited to magnetic refrigeration, and cannot be used 

1 5 for high frequency magnetic applications. The synthesis of magnetic nanostructured 

composites using a wet chemical synthesis technique has been described, wherein a Fen/BN 
nanostructured composite was prepared by the ammonolysis of an aqueous mixture solution 
of FeCb, urea, and boric acid, followed by the thermochemical conversion. While the 
synthesis of other magnetic nanostructured composite systems have been described, none of 

20 these materials is suitable for high frequency soft magnetic applications for reduced core 
loss. There accordingly remains a need in the art for compositions and methods for bulk 
manufacture of soft magnetic materials, especially bulk materials useful above about 1 MHz. 
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Summary of the Invention 

The above-described drawbacks and disadvantages are overcome or alleviated by a 
magnet/insulator nanostructured composite material comprising nanostructured magnetic 
particles embedded in an insulating matrix. 
5 A method to manufacture such materials comprises fabricating a precomposite from a 

precursor composition; forming magnetic nanostructured particles surrounded by a dielectric 
layer from a precomposite; and passivating the surface of the surrounded nanostructured 
particles. 

A method for forming a consolidated bulk magnetic/insulator nanostructured 
10 composite comprises preparing a ready-to-press nanostructured composite powders 

comprising a nanostructured metal core and a dielectric layer; consolidating the ready-to- 
press powder into a green compact; shaping the green compact; and annealing the shaped 
compact. 



15 Brief Description of the Drawings 

Fig. 1 is a schematic diagram illustrating a method for the manufacture of 
metal/insulator nanostructured composite materials. 

Fig. 2 is X-ray diffraction pattern showing fee phase of the Co 7 o/(Si02)30 and 
Co9o/(SiC>2)io nanostructured composites. 
20 Fig. 3 is X-ray diffraction patterns showing the Co 50 /(SiO2)50 nanostructured 

composite annealed at different temperatures in H2. 
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Fig. 4 is a typical transmission electron microscope (TEM) micrograph showing a 
two-phase material wherein amorphous Si0 2 films are coated on the surface of Co 
nanocrystals. 

Fig. 5 is a typical TEM micrograph showing (a) a TEM image with microbeam 
5 diffraction showing local regions of microstructure of (1) [110] alpha-Si0 2 , and (2) fee [1 1 1] 
Co, and (b) TEM image of the interface between Co and Si0 2 showing the existence of 
dislocations. 

Fig. 6 is a graph illustrating resistivity of a Co/Si0 2 nanostructured composite as a 
function of hydrogen annealing temperature. 
10 Fig. 7 is a typical 59 Co NMR spectrum of Co/(Si0 2 ) nanostructured composite 

annealed (a) at 400°C in H 2 showing all the Co nanostructured particles are in a fee single 
domain state and no Si atoms in the Co lattice, and (b) at 900°C in H 2 showing Co particle 
being in a fee single domain state, but some Si atoms having entered the Co lattice. 

Fig. 8 is a graph showing saturation magnetization of n-Co x /(Si0 2 )ioo-x as a function 
15 of Co volume fraction x (diamonds) compared with the theoretical values (squares). . 

Fig. 9 is a graph showing room temperature hysteresis loop of n-Co/Si0 2 annealed at 
700°C in hydrogen. 

Fig. 10 is a plot of saturation magnetization as a function of hydrogen annealing 
temperature. 

20 Fig. 1 1 illustrates the variation of coercivity of n-Co/Si0 2 with annealing temperature 

measured at 10 K and 300 K. 
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Fig. 12 illustrates the frequency dependence of (a) complex permeability ft and j*" for 
n-Co/Si0 2 compared with that for NiFe 2 0 4 ferrite, and (b) quality factor (Q) for n-Co/Si0 2 
compared with that for NiFe 2 04 ferrite. 

Fig. 13 shows the frequency dependence of complex permeability /x f and fi" for n- 
5 Co/Si0 2 compared with that for Co-Ni-Zn ferrite. 

Fig. 14 illustrates the frequency dependence of complex permeability /x' and \x" for n- 
Co/Si0 2 compared with that for Mn-Zn. 

Fig. 15 illustrates the frequency dependence of complex permeability yC and /x" for n- 
Co/Si0 2 compared MPP-16 PERMALLOY™. 

10 

Detailed Description of the Preferred Embodiments 

A novel magnet/insulator nanostructured composite material comprises 
nanostructured magnetic particles embedded in an insulating material as shown in Fig. 1 . 
Specifically, magnetic particles with maximum diameters between 1 to 100 nm are 

1 5 embedded in an insulating constituent such that the magnetic particle-particle separation is 
between 1 and 100 nm. In part because nanostructured materials are constructed of 
nanometer-sized building blocks, which are on the order of 1000 times smaller than the 
volume of traditional bulk materials, replacing commercially used ferrite cores with these 
high performance magnetic nanostructured composites results in inductive components that 

20 are lighter, smaller, economical, and highly durable, contributing greatly to improved 
performance in high frequency devices, as well as in microwave antenna and rectenna 
applications. The materials furthermore have a more uniform mechanical structure, with 
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high strength, ductility and hardness, larger resistance to fracture, deformation, wear, and 
corrosion. 

Suitable soft magnetic materials include but are not limited to compositions having at 
least one magnetic component, for example transition metals such as Fe, Co, Ni, Mn, and Zn; 
5 transition metal intermetallic alloys such as Fe-Ni, Fe-Co, Co-Ni, Fe-B, Fe-N, Fe-Zr, Fe-Si, 
Fe-Si-B, Fe-Zr-B, Fe-P-B, and Mn-Zn; and transition metal-rare earth alloys, such as Fe-Nb, 
Fe-Sm, and the like. Suitable insulating phase materials are high dielectric materials, 
including amorphous or crystalline ceramics such as alumina, silica, zirconia, and the like, 
and high dielectric polymers and polymer composites. The insulating phase components can 
10 be either nonmagnetic or magnetic (such as ferrite) materials. 

In a particularly advantageous feature, such materials may be manufactured in the 
bulk phase in large quantities. In accordance with the method, nanostructured particles are 
synthesized from precursors, and coated with an insulating layer, then consolidated into bulk- 
size magnetic components. This method provides the opportunity for very large quantity 
15 production, as well as access to different shapes such as toroidol, plate, bead, rod, and the 
like. 

Coating may be conveniently accomplished using an aqueous solution reaction of 
metal and ceramic precursors. An apparatus suitable to produce the nanostructured 
composite powders includes a reaction vessel equipped with a pH meter, temperature 
20 controller, hot plates and/or spray drier. Suitable process steps for the synthesis of 
metal/insulator nanostructured composite include precursor preparation; precomposite 
fabrication; nanostructured composite formation; and surface passivation. 
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Use of precursors allows uniform mixing of the constituent elements at the molecular 
level. Low temperature annealing of the precursors facilitates the formation of a thin, 
insulating layer coated on the surfaces of magnetic particles. Specific aspects of this process 
are (1) the addition of a glucose diluent in the precursor preparation step, (2) formation of a 
5 precomposite, (3) controlling of particle size of the magnetic phase at elevated temperature 
synthesis in a gaseous environment, and (4) formation of an amorphous layer at the magnetic 
particle surface. The material then has no overall electric conductivity, and the eddy current 
produced within the particle is extremely small at high frequency up to GHz frequency band. 
Consolidation is conveniently accomplished using known powder metallurgy 

10 processing techniques and apparatus, for example ball mills or powder mixers, forming dies, 
presses, and high temperature sintering furnaces. Suitable process steps for the formation of 
consolidated bulk magnetic/insulator nanostructured composites are preparation of ready-to- 
press powders; consolidation of the ready-to-press powder into a green compact; component 
shape fabrication; and low temperature annealing. 

1 5 Using this process, Co/SiC>2 and Fe-Ni/Si02 nanostructured composite systems with 

various volume fractions of the Co and Fe-Ni with respect to SiC>2 have been manufactured. 
Co/polymer, Fe/NiFe2C>4, and Fe/Si02 nanocomposite materials have also been synthesized 
using chemical approaches. These nanostructured composite have been thoroughly 
characterized and consolidated into toroidal cores. 

20 The magnetic/insulating nanostructured composites are suitable for use in many fields 

where conventional soft magnetic materials are currently used. In particular, the following 
soft magnetic materials application categories are especially desirable: (i) power applications, 
for example high power applications such as power transformers, pulse transformers, filters, 
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and chocks, as well as low power applications such as inductors and linear transformers; (ii) 
linear applications, (iii) microwave applications, such as antenna, rectenna, circular; (iii) 
magnetic fluids; and (iv) refrigeration applications. 

Without being bound by theory, it is hypothesized that the magnetic/insulator 
5 nanostructured composites take advantage of exchange coupling, a quantum mechanical 
effect that takes place only in nanostructured magnetic particles. With the new interaction, 
the materials possess novel magnetic properties. Because they consist of two or more 
constituents, there are more degrees of freedom available to independently adjust the 
magnetic, electric, thermal and mechanical properties of the materials. The as-formed 

10 nanostructured composite system can therefore be adjusted to be electrically insulating 

without changing its magnetic behavior. Another advantage of the method is that compared 
to the traditional metallurgical processing, which involve melting, rolling, cutting, wrapping 
and heat treatment, the present self-assembly and final shape formation procedures used for 
the fabrication of the nanostructured composite components are more economical. 

1 5 The invention is further illustrated by the following non-limiting examples. 

EXAMPLES 

Synthesis of Co/Si0 2 (50:50 volume %) nanostructured composite powders. 

A typical recipe for Co (50 vol.%) - Si0 2 (50 vol.%) composite is: 16.0 g 
tetraethoxysilane (TEOS, (C 2 H 5 0) 4Si), 64.2g cobalt acetate (Co (OOCCH 3 ) 2.2H 2 0), 40.0g 
20 glucose (C6Hi 2 0 6 ), and 160 ml ethanol. 

Precursor preparation: Tetraethoxysilane, cobalt acetate, and glucose were dissolved 
in ethanol. This solution is stirred (about 5 hours) to obtain a homogenous solution mixture. 
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Precomposite powder preparation: The precursor solution then is converted into a 
precomposite powder using an evaporation method. This was accomplished by heating the 
precursor solution to 120-150°C with vigorous stirring to prevent precipitation of any 
elements. In large-scale quantity production, this step may be accomplished by a spray 
5 conversion technique using a spray dryer. 

Conversion of the precomposite into Co/Si0 2 nanostructured composite: The 
precomposite powder was then transferred to an environmental furnace (modified 
Thermolyne). The powder was first heated to 500°C in open air for 0.5 hours. The purpose 
of this heat treatment is to burn off excess carbon in the precomposite powder. After the 

10 reaction, Co and Si existed in the form of amorphous oxides, namely, CoO and Si0 2 . The 
oxide forms of the precomposite were then converted into a Co/Si0 2 nanostructured 
composite under a reducing atmosphere in H 2 . In the actual experiments, the system was 
then purged and H 2 gas was introduced after the oxidation reaction at 500°C. The conversion 
experiments were performed at various temperatures from 300-900°C for 5 h (H 2 flow of 2 

15 liters/min). All these temperatures produced Co/Si0 2 nanostructured composite powders. It 
was found that the annealing temperature is an important factor in determining the magnetic 
properties of the n-Co/Si0 2 system. 

Surface passivation: Although the Co nanostructured particles are coated with a thin 
film of Si0 2 , the Si0 2 film is very porous, which permits the diffusion of oxygen molecules 

20 into the surface of Co. The synthetic Co/Si0 2 is extremely pyrophoric due to its 

nanostructured nature, and will spontaneously burn to form oxide powders when exposed to 
air. To overcome this problem, the particle surface is passivated after the hydrogen reduction 
is complete. In one approach, the system is purged with N 2 gas for 20 minutes to de-activate 
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the Co surface. The system was then cooled down in N 2 . Before exposure to air, droplets of 
mineral oil were sprinkled onto the powder surface and allowed enough time for oil 
diffusion, while the reactor was purged with N2. Excess oil was then washed off with 
hexane. 

5 

Synthesis of Co/Si0 2 nanostructured composite powders with varying Co volume fraction. 

Using the same procedure described in example 1, Co/Si0 2 nanostructured 
composites was made having varying Co volume fractions. All of the operation procedure 
the same, except the cobalt acetate to tetraethoxysilane ratios were varied to obtain 40 vol%, 
10 60 vol%, 70 vol%, 80 vol%, and 90 vol% of Co in Co/Si0 2 nanostructured composites, by 
adjusting the cobalt acetate to tetraethoxysilane ratios respectively. 

Property evaluations of Co/Si0 2 nanostructured composite powders. 
A. Structural properties of n-Co/Si0 2 powder 

15 XRD analysis; In order to obtain soft magnetic properties, the Co particle should 

possess an fee crystal structure. Fig. 2 shows the XRD patterns of n-Co 7 o/(Si0 2 ) 3 o and n- 
Co9o/(Si0 2 )io particles. The XRD spectra exhibit only the fee Co phase, with a strong 
amorphous background due to the presence of an amorphous silica phase. Fig. 3 shows the 
XRD pattern of n-Co) 50 /(Si0 2 ) 5 o samples obtained by annealing the precomposites in H 2 at 

20 various temperatures. Only the fee Co phase was revealed at all temperatures. There exist 
no diffraction lines for Si0 2 , confirming its amorphous structure. Preliminary evaluation of 
Co particle size using x-ray broadening revealed that the average Co grain size is about 30 
nm, and there is not a significant change of grain sizes at these annealing temperatures. 

12 
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TEM observation: A typical TEM bright field image for the synthetic n-Co5o/(Si0 2 )50 
is shown in Fig. 4. The TEM studies revealed that the synthetic nano structured composite is 
a two-phase material, where nanostructured particles of Co are coated with a thin film of 
silica. The Co phase has an average particle size of about 30 nm using an image size analysis 
5 technique. Selected area electron diffraction experiments indicated that the Co particles are 
fee nanocrystals, where the matrix silica phase is amorphous. 

In order to study the microstructure in detail at the nanometer level, localized regions 
at the Co/silica interface have been studied using a microbeam diffraction technique. The 
diffraction beam was reduced to approximately 10 nm in size and diffracted at the area of 

10 interest. Two phases were found in localized regions, including fee Co and □ -phase SiC>2, as 
shown in Fig. 5a. It should be noted here that the majority of the Si0 2 coating is amorphous, 
as indicated in the XRD and other selected large area diffraction techniques. Many twins are 
observed inside the Co nanostructured particles. High resolution TEM also revealed the 
existence of few dislocations in the interface between fee Co and amorphous SiC>2 coating, as 

15 shown in Fig. 5b. 

Resistivity of the n-Co/Si02 nanostructured composite powder: The synthetic 
powder was pressed into a pellet using a hydraulic press. Plate electrodes were pressed on 
both surfaces of the disc, and then electrical resistance was measured. From the area and the 
thickness of the disc, the resistivity of the sample was obtained. Fig. 6 shows the variation of 

20 the resistivity of n-Co 5 o(Si02)5o as a function of H 2 annealing temperature. It reveals that for 
a sample annealed at about 700 °C, its resistivity can reach as high as 10 7 Q-cm, which is 
10 13 times greater than that of metallic alloys and is 10 times greater than that of ferrites. 
The resistivity of the n-Co/Si02 is dependent on the synthesis conditions, especially on the 
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H 2 annealing temperature. When the annealing temperature is too high, Si02 may gradually 
crystallize to form separate particles instead of coating the Co particles as a continuous film, 
resulting in a dramatic decrease in resistivity. 

NMR experiments. 59 Co spin-echo NMR experiments were carried out at 4.2 K using 
5 a Matec 7700 NMR. Figs. 7a and 7b show the 59 Co NMR spectra of n-Co 5 o/(Si0 2 )5o 
annealed at 400°C and 900°C, respectively. For the sample annealed at 400°C, the NMR 
spectrum consists of a single peak centered at 223 MHz. This means the Co particle is 
smaller than 75 nm and has single domain structure. The very broad spectrum is also an 
indication of the smallness of the particle. For the sample annealed at 900°C, instead of the 

10 main peak at 223 MHz, there are two satellites centered at 21 1 and 199 MHz, which 

correspond to the Co atoms having 1 and 2 Si atoms, respectively, as nearest neighbors. This 
demonstrates that Si enters the Co lattice when annealing at temperatures higher than 900°C. 

These experiments have further shown that the size of the as-synthesized n-Co/Si02 
particles, and their crystalline and magnetic structures meet the goals for a soft magnetic 

15 material. In the preparation of n-Co/Si0 2 particles, the final annealing (in H 2 gas flow) is an 
important step. The chemical reaction process should be fully completed so as to reduce all 
of the Co ions into metallic Co. From this consideration, a higher annealing temperature 
might be favored. On the other hand, however, it is necessary to avoid Si atoms entering the 
Co lattice as the existence of the non-magnetic Si atoms in a Co particle degrade magnetic 

20 properties. Based on these experiments, the best annealing temperature of n-Co/Si0 2 
appears to be about 700°C. 
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B. Static magnetic properties of n-Co/Si02 powder 

A Quantum Design SQUID magnetometer was employed to characterize the static 
magnetic properties of the synthetic Co x /(Si0 2 )ioo-x nanostructured composite at 10 K and 
300 K. Fig. 8 shows the saturation magnetization of n-Co x /(Si0 2 )ioo-x as a function of the Co 
5 volume fraction. The solid diamonds represent the measured saturation magnetization for 
each Co volume fraction, and the squares represent the theoretical calculation. The very 
good consistency between the measured value and the calculated value indicates that the 
synthesis reaction is complete. 

Static magnetic properties for a material are characterized by its magnetization curve 

10 (from which saturation magnetization is obtained) and hysteretic loop (from which coercivity 
is obtained). Fig. 9 shows a typical magnetization curve and hysteresis loop, from which the 
saturation magnetization and coercivity are obtained. Fig. 10 shows the variation of 
saturation magnetization of n-Co 5 o(Si0 2 )5o with H 2 annealing temperature. When the 
material is annealed at 300°C, the saturation magnetization is only 5,655 G due to an 

15 incomplete reaction, while annealing at temperatures above 700°C, the saturation 

magnetization can be 10,681 G. For soft magnetic applications, low coercivity with high 
magnetization saturation is desirable. Fig. 1 1 shows the coercivity of the Co/Si02 
nanostructured composite as a function of H 2 annealing temperature. A drastic decrease of 
the coercivity with increasing H 2 annealing temperature is clearly demonstrated. This 

20 behavior is mainly due to the variation of the Co particle size with annealing temperature. 
Annealing at lower temperature, the particle size is smaller (e.g., about 10 nm), resulting in a 
large coercivity, while annealing at a higher temperature produces larger Co particles that 
have lower coercivity. 
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The coercivity and particles size of the Co particles in the nanostructured composite 
can be adjusted by adjusting the H 2 annealing temperature. Optimal magnetic properties 
appear at H 2 annealing temperatures of higher than about 600°C. 

Fabrication of magnetic nanostructured composite toroidal cores. 

The above synthetic Co/Si02 nanostructured composite powders were consolidated to 
produce toroidal cores for high frequency bulk applications, by (i) preparation of ready-to- 
press powders, (ii) consolidation of the ready-to-press powder into a green compact, (iii) 
toroid sample fabrication, and (iv) low temperature annealing. 

First, the synthetic Co/SiC>2 was transferred to a beaker that contained wax (paraffin) 
in alcohol. After thorough mixing using mechanical stirring, the alcohol was slowly 
evaporated by heating, resulting in the uniform mixing of powder and wax, where the wax 
was coated on the surface of the composite particles. 

The next step was to press the powder into consolidated form, followed by 
subsequent breaking of the consolidated bulk into fragments using a mortar and pestle. 
Using a milling technique, the corners of the fragments were trimmed off, resulting in highly 
flowable dense particles. 

Green compact preparation was accomplished using a hydraulic press. 
Experimentally, the ready-to-press powder was transferred into a die, and pressed into a 
pellet under a load of about 200 MPa. 

The pressed pellet was then machined into a toroid-shaped geometry. The sizes of 
the toroids were 1 .5 cm in outer diameter, 0.5 cm in inner diameter, and 0.5 cm in height. A 
coil of four turns was wound along the circular direction of the toroid to form an inductor. 
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For consolidation, the as-fabricated toroids were then transferred into an 
environmental furnace for heat treatment. Heat treatment was performed at two stages: 
500°C, and 700°C in H 2 . The 500°C treatment was for about 0.5 hours, which allowed the 
materials to be dewaxed, resulting in a pure composite in the pellet. The 700°C treatment 
5 was performed over several hours, which allowed the sintering of the samples. 

The consolidation of nanostructured composite materials is a critical step towards 
development of an optimal soft magnetic material. An isolated nanostructured composite 
particle possesses very high anisotropy due to its large surface anisotropy and demagnetizing 
effect. For nanostructured composite materials, the soft magnetic properties come from the 

10 intergrain interaction, mostly due to the exchange coupling of the neighboring Co particles. 
The intergrain interaction tends to average the anisotropy of each individual particle, 
resulting in much reduced anisotropy and, consequently, higher permeability. A critical 
parameter, the exchange coupling length, is the distance within which the magnetic moments 
of the two particles can be coupled. For Co, the exchange length is estimated to be about 20 

15 nm. Therefore, the particles have to be consolidated to achieve separation of the neighboring 
particles, which is less than the exchange length. 

Low temperature consolidation using a sintering aid. Due to the high melting 
temperature of Si0 2 , the solid-phase sintering of the Si0 2 -coated particles is at a very high 
temperature. However, the addition of a small amount of Na 2 0 into the Si0 2 , which may 

20 form Na 2 SiC>3, significantly reduces the sintering temperature down to about 450°C. Thus 
Na 2 Si03-coated particles can be consolidated by sintering at about 400 to about 500°C. 
Since Na 2 Si0 3 has similar electrical properties to that of Si0 2 , the addition of Na 2 0 will not 
change the insulating behavior of the Si0 2 layer. Nanostructured Co/Si0 2 particles with 
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various amounts of Na 2 0 sintering additive have been synthesized and sintered. The results 
show that the addition of a Na 2 0 additive to the nanostructured composite can reduce the 
sintering temperature of the Co/Si02 system down to about 500°C, with a compact density of 
83%. Further densification of the compact can be achieved up to 90% once the composition 
5 of the additive is optimized. 

Densifying the pre-sintered compacts by a Hot Isostatic Press ("HIP") process was 
performed at American Isostatic Press, Inc. (Columbus, OH). Initial trials indicated that the 
pre-sintered compact can be densified by HIP to a density >90%. 

10 Properties of consolidated nanostructured composite toroidal cores 
A. Dynamic magnetic property measurements 

Complex permeability |u = ja' - |i" is the most important parameter for characterizing 
the magnetic properties of magnetic materials for high frequency applications. In this 
expression, \i' is a measure of the softness of the magnetization process in an alternating 

1 5 magnetic field, and ja" is a measure of the loss of the energy in the magnetization process. 
The ratio |i7ji" = Q is called the Q factor, a parameter extensively used in industry. 

High frequency applications require magnetic materials with large \x' and large Q, 
while keeping \i" minimal. The currently used ferrites, including spinel ferrites ((Ni, 
Zn) 2 Fe 4 ) and hexagonal ferrites (Co 2 Z, where Z = Ba 3 Me 2 Fe 24 04i), have a \i' value < 15, and 

20 the cutoff frequencies (the frequency at which Q < 1) are less than 500 MHz. One useful 
proposed target is to develop a material with |i' > 30 up to 500 MHz, and a cutoff frequency 
> 1000 MHz. This frequency region is most appropriate for telecommunications. Another 
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desirable target includes the region 400-1000 kHz. The complex permeability experiment is 
critical for the Co/SiC>2 nanostructured composite materials for high frequency (> 1 MHz). 

The complex impedance, Z = R x + jcoLx, of the inductor was measured using an HP 
impedance meter for frequencies ranging from 10 Hz - 13 MHz and an RX impedance bridge 
5 for frequencies from 20-250 MHz. The following expressions were used to calculate [i\ 
andQ: 



0AN 2 S o) 

10 

wherein: 

D is the mean diameter of the toroid; 
N is the number of turns of the coil wound on the toroid; and 
co denotes angular frequency. 
15 B. Permeability comparison of Co/Si02 nanostructured composite and Ni ferrite. 

Fig. 12a shows the frequency dependence of \i' and ^i" for the toroidal sample 
measured using n-Co 50 /(SiO2)50- Much better high frequency performance is obtained for \i f 
and \i" for the n-Co/SiC>2 compared to the conventional NiFe204 ferrite. For the n-Co/SiC>2 
sample, y! is about 17, and it possesses a very flat frequency response curve from 10 Hz up 
20 to the highest measured frequency of 240 MHz, while \i" stays close to zero for all 
frequencies. For the conventional NiFe 2 04 ferrite, \x' stays flat below 100 MHz, but 
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gradually drops beyond this frequency, while \i" increases rapidly when the frequency is 
larger than 100 MHz. 

Meanwhile, the value of the quality factor Q (see Fig. 12b) is greater than 40 (up to 
240 MHz), while the quality factor for conventional ferrite is only about 2 when the 
5 frequency is larger than 100 MHz. These results demonstrate that the high frequency 

magnetic properties of the n-Co5o/(Si0 2 )5o composite are better than those of (Ni,Zn) 2 Fe 4 and 
Co 2 Z ferrites for the region above 100 MHz. These results, although not applicable to power 
transmission, are of great interest for telecommunications. 

C. Permeability of Co/Si02 nanostructured composite and known materials. 

10 Fig. 13 shows a comparison between the n-Co/Si02 and commercial Co-Ni-Zn ferrite. 

In contrast with a flat frequency for the n-Co/Si0 2 , the \i 9 for the Co-Ni-Zn ferrite drastically 
decreases and its \i" increases with increasing frequency beyond 100 MHz. Therefore, this is 
another example of superior performance in our magnetic nanostructured composite 
compared to a conventional material with a different composition. Generally, a material is 

15 not useable if the quality factor is below 10. For the Co-Ni-Zn ferrite, it is 100 MHz as 
shown in Fig. 13. 

Fig. 14 shows a comparison between the n-Co/Si0 2 and a Mn-Zn ferrite, MN8cx 
(Ceramic Magnetics). This ferrite is designed for power converters operating in the range of 
0.5-2 MHz. It is one of the best soft magnetic materials for high power applications at 
20 elevated frequencies. As shown in the figure, at 2 MHz the Q value for MN8cx is already 
less than 1. As can be seen from Fig. 14, nanostructured composite materials will have much 
better frequency response up to at least 240 MHz (measurement limit), where the Q value is 
still 40. 
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Fig. 15 is a comparison of the permeability frequency dependence between the 
nanostructured Co/Si0 2 and a conventional MPP-16 (PERMALLOY) core, supplied by 
NASA. The MPP-16 is made of micron-sized Mo-PERMALLOY particles embedded in an 
insulating matrix so as to increase its resistivity and, consequently, reduce the eddy current at 
5 elevated frequencies. This type of material can be referred to as a microcomposite. 
Normally, the smaller the particle size, the lower the loss and, then the higher the usable 
frequency. However, this causes severe reduction of the permeability. The bulk Mo- 
PERMALLOY possesses a permeability of 10 4 to 10 5 , but as shown in Fig. 15, ja' is only 16 
for the MPP-16 microcomposite. 

10 The two materials have almost the same \i* at low frequency. The and ja" 

permeability frequency response for the nanostructured composite is essentially flat up to the 
highest measurement frequency 240 MHz. For the MPP-16, |u' starts to decrease, while n" 
increases rapidly from 1 MHz. At 100 MHz, a 20% decrease is observed, and the Q value is 
smaller than 10 beyond 15 MHz. This result clearly demonstrates the advantage of 

1 5 nanostructured composite magnetic materials over the conventional microcomposite 
materials. 

Synthesis of Fe-Ni/Si02 nanostructured composite powders. 

The principal aspects involved in fabricating Fe-Ni-based nanostructured composites 
20 are the same as for fabricating Co/Si0 2 nanostructured magnetic composites. The precursor 
materials in the synthesis include iron nitrate, nickel nitrate, tetraethoxysilane, glucose, and 
deionized water. The synthesis steps are similar to the Co/Si02 nanostructured composite 
system. Detailed synthesis steps are illustrated below: 

21 



INF-0006C 



Starting precursors of tetraethoxysilane, iron nitrate, nickel nitrate, and glucose were 
dissolved in DI water. This solution was stirred to obtain a homogenous solution. 

The precursor solution was converted into a precomposite powder by heating the 
precursor solution 120-150°C, under vigorous stirring to prevent possible precipitation of any 
5 elements. 

For conversion of precomposite into Fe-Ni/Si02 nanostructured composite, the 
precomposite powder was transferred to an eOnvironmental furnace (modified Thermolyne). 
The powder was first heated to 500°C in open air for 0.5 hours. The purpose of this heat 
treatment is to bum off excess carbon in the precomposite powder. After the reaction, Fe, Ni, 

10 and Si existed in the form of amorphous oxides, namely, iron oxide, nickel oxide, and silica. 
The oxide forms of the precomposite were then converted into Fe-Ni/Si0 2 
nanostructured composite under a reducing atmosphere in H 2 . The system was then purged 
and H 2 gas was introduced immediately after the oxidation reaction at 500°C. The reduction 
experiments were performed at various temperatures from 300 to 900°C (H 2 flow of 2 

15 liters/min). All these temperatures produced Fe-Ni/Si0 2 nanostructured composite powders. 
For surface passivation, after the hydrogen reduction is complete, the system was 
purged with N 2 gas for 20 minutes to de-activate the Fe-Ni surface. The system was then 
cooled down in N 2 . Before exposing to air, droplets of mineral oil were sprinkled onto the 
powder surface and allowed enough time for oil diffusion, while the reactor is purging with 

20 N 2 . Excess oil was then washed with hexane. 



22 



INF-0006C 

Synthesis of Fe/NiFe2C>4 nanostructured composite powders. 

Chemical precursors of (Fe(C 6 H 5 07)3H 2 0), 145.4 g nickel nitrate (Ni(N0 3 )26H 2 0) 
and 64.36 g citric acid were dissolved in 1000 ml of deionized water under stirring to obtain 
a homogenous solution mixture. The mixture was dried in oven at 40 °C overnight and 
5 crushed pass 60 mesh screen. The crushed powder was calcined at temperatures from 200 to 
900 °C for 2 hours in air to remove carbon and form nanostructured NiFe 2 0 4 . 

Characterization showed that for calcinations below 700°C, the obtained NiFe 2 0 4 
nanoparticles have diameters of less than 15 nm, and above 700°C, the particle size of the 
ferrite can be varied from 10 to 100 nanometers. 
1 0 The obtained NiFe 2 0 4 was then mixed mechanically with Fe nanoparticle or ceramic 

(Si0 2 or B 2 0 3 ) coated Fe nanoparticles to obtain a Fe/NiFe 2 0 4 nanocomposite powder. The 
mixing procedure for obtaining an 80%Fe/SiO 2 +20%NiFe 2 O 4 is as follows. 

124.5 g N-NiNe 2 0 4 was mixed with 579.0 g Fe/Si0 2 (Fe to Si0 2 ratio is 70 to 30) by 
ball milling in alcohol for 24 hours. The milled the slurry was dried in an oven at 30°C for 
1 5 24 hours to obtain the Fe/NiFe 2 0 4 nanocomposite. 

Synthesis of Fe/Si0 2 nanostructured composite powders. 

291.258 g Fe(N0 3 ) 3 9H 2 0, 37.30g Si(C 2 H 5 0) 4 , and 50g of glucose were dissolved in 
500 ml of ethanol in a 2 liter glass beaker. The beaker was than placed on a hot plate at 70°C 
20 and stirred with a mechanical stirrer until the material was completely dissolved. The 

material gradually formed into a gel after heating for two hours. After the experiment was 
complete the material was heated in an oven at 100° C to obtain a Fe-Si-0 precomposite 
powder complex. 
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The precomposite powder was then oxidized in a controlled oxygen/nitrogen 
environment at 300°C for 4 hours, in air and then reduced using H 2 to obtain Fe/SiC>2 
nanocomposite powders at 400-600 °C in a furnace. The obtained nanocomposite has an 
alpha-phase Fe with particle size ranging from 20 to 80 nanometers, while the SiC>2 phase is 
5 amorphous matrix and uniformly coated onto the Fe nanoparticle surface. 

Synthesis of Co/polymer nanostructured composite powders. 

The preparation of Co/polymer consisted of thermally decomposing cobalt carbonyl 
in organic solvent containing a polymer as a stabilizing medium. Experimentally, 2.4 grams 

10 of Co 2 (CO)8 was weighed and poured into a three-neck 100 ml round bottom flask (fitted 
with a reflux condenser, connected to vacuum lines and flushed with nitrogen). A total of 50 
ml of toluene was used. A portion of toluene was added with an injection syringe and the 
mixture was stirred under nitrogen. 0.525 grams of polystyrene with monocarboxy 
terminated (Scientific Polymer Products, MW 13,000) was then dissolved in the remaining 

15 toluene solution and added to the reaction vessel. The temperature of the toluene was then 
raised to 130°C, and refluxed under nitrogen for 24 hours. The resultant material comprises 
black Co colloidal particles uniformly distributed polymer matrix, or Co nanoparticles coated 
with a polymer film. The Co/polymer system is stable metal/polymer nanocomposite. X-ray 
diffraction showed the resultant material has face-center-cubic Co phase, with average 

20 particle size less than 10 nm. High resolution TEM analysis indicated that the Co is between 
1 to 15 nanometers in size, surround by amorphous material (probably polymer). 

Other polymers have also been used to fabricate Co/polymer nanocomposites, 
including polystyrene (MW 280,000, Density 1.047, T g 100°C); polystyrene sulfonated 
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sodium salt (1 .7 Na + S0 3 " per 100 styrene, M n 100,000 and MW 200,000); poly(styrene-co- 
acrylonitrile) MW about 165,000, 25 wt% acrylonitrile). 

Fabrication of magnetic nanostructured composite toroidal cores. 
5 The synthetic Co/Si0 2 , Co/polymers, Fe-Ni/Si0 2 , Fe/Si0 2 , and Fe/NiFe 2 0 4 

nanostructured composite powders have been consolidated to produce toroidal cores for high 
frequency bulk applications. The consolidation step is similar to the procedures described 
above, i.e., (i) preparation of ready-to-press powders, (ii) consolidation of the ready-to-press 
powder into a green compact, (iii) toroid sample fabrication, and (iv) low temperature 
10 annealing. 

While preferred embodiments have been shown and described, various modifications 
and substitutions may be made thereto without departing from the spirit and scope of the 
invention. Accordingly, it is to be understood that the present invention has been described 
15 by way of illustrations and not limitation. 
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